Introduction
There is a limit for lowering nitrogen in steel because nitrogen is absorbed into metal by contact with air during and after degassing. Therefore, the nitride capacity of various fluxes has been measured with the aim of exploring the slag with the higher capacity and investigating the possibility of nitrogen removal by using slag. However, for the efficient removal of nitrogen to the atmosphere through the slag phase, it is also important to take into account the nitrogen reaction rate between gas and slag phases and know the nitrogen behavior through successive phases of metal, slag, and gas in practical steelmaking process. In the previous work 1) , we have examined the nitrogen removal rate from molten iron to the gas phase through CaO-Al 2 O 3 melt, of which the nitride capacity has been already reported, [2] [3] [4] and it is found important to keep the oxygen partial pressure in the gas phase higher and the oxygen potential at the slag/metal interface lower for the efficient nitrogen removal. From the derived equation, it can be also considered that the nitrogen is removed from slag to gas phases even if the nitrogen partial pressure of the gas phase is high, except the strong reducing atmosphere. In the present study, the nitrogen removal rate from molten Fe-1mass%Al alloy to the gas phase through CaO-Al 2 O 3 -CaF 2 melt has been investigated in N 2 -Ar and N 2 -O 2 atmosphere and the applicability of the mixed rate determining model derived in the previous work 1) has been examined.
Experimental
Details of the experimental apparatus and procedure have been already given in the previous article.
1 ) The subjects particularly related to the present work are described here. An alumina crucible (30 mm O.D., 25 mm I.D.) containing Fe-1mass%Al alloy weighing 50 g and CaO-Al 2 O 3 -CaF 2 slag weighing 20 g was positioned in an electric furnace and heated at 1 873 K under the argon and hydrogen mixture, of which the flow rates were 200 and 10 ml/min (s.t.p.), respectively. It was held for 30 min in an argon to establish a quasi-steady state, which means that the metal and slag samples perfectly melt and the profile of nitrogen through successive phases of slag, metal, and gas follows the mixed rate determining model. The holding time was determined from a kinetic calculation and is considered enough to realize the quasi-steady state. The experiment was started by switching the gas mixture to N 2 -Ar or N 2 -O 2 mixture and it was blown on the surface of the sample at total flow rate of 200 ml/min (s.t.p.). The sampling of the metal was carried out using an alumina tube (3 mm I.D.) every hour. The nitrogen content of the samples was analyzed by a heat conductivity method using a nitrogen analyzer. The Fe-1mass%Al sample was preliminary alloyed using a high frequency induction furnace. Iron and aluminum of the specified quantities were put in the alumina crucible and were heated under the hydrogen atmosphere in the furnace. After the sample was melted at 1 873 K, it was kept for 30 min in the hydrogen and nitrogen mixture in order to adjust the nitrogen content of the metal to about 0.01 mass%. The slag composition was adjusted to 32mass%CaO-58mass%Al 2 O 3 -10mass%CaF 2 by mixing CaO, Al 2 O 3 , and CaF 2 at the fixed proportions and it was pre-melted at 1 873 K using an alumina crucible. An adequate quantity of AlN was added in order to adjust the nitrogen content of slag to 0.1 mass%, which was estimated from the nitride capacity 5) and the nitrogen content of the metal. The mixed rate determining equation used in the present work is given by Eq. (1). 1, 6) ..... (1) where 
Results and Discussion
The rate of nitrogen desorption from CaO-Al 2 O 3 melt to the gas phase has been previously investigated 7) and the derived reaction rate constant of nitrogen desorption, k C , is represented as Eq. (2).
Although we can not discuss the accuracy of the extrapolation and the applicability of the equation to the present work since the k C was derived from the investigation at lower oxygen partial pressures, it is tentatively used for the estimation of k C in the present work. It is reflected from Eq.
(2) that the desorption rate constant of nitrogen from the slag to the gas phases is increasing with the increase of oxygen partial pressure in the gas phase and the effect of reaction resistance at the gas/slag interface on the overall reaction rate becomes negligibly small. Figure 1 shows the profile of nitrogen contents and oxygen partial pressures through successive phases of metal, slag, and gas and the nitrogen removal behavior from the metal to the gas phases through the slag phase can be investigated from the profile. Taking the reaction rate at the gas/slag interface and the profile shown in Fig. 1 into account, it is considered that the nitrogen removal to the gas phase through the slag is more effective with high P O 2 and the nitrogen can be removed from the slag to the gas phases, even if the nitrogen partial pressure in the gas phase is relatively high. The experimental result conducted at the flow rate of V Ar ϭ180 and V N 2 ϭ20 ml/min (s.t.p.) is described in Fig. 2 by showing the nitrogen concentration change with time. The experimental result conducted under almost the same partial pressure condition as air, namely V N 2 ϭ160 and V O 2 ϭ40 ml/min (s.t.p.), is shown in Fig. 3 . From the experimental results, the values for L N have been determined by fitting the experimental results to the mixed rate equation, Eq. (1), using the least squares method. Understandably, the determined values take almost the same value and they are 10.2 and 10.9, respectively. The solid lines in Figs. 2 and 3 are drawn by applying these values to Eq. (1). From Figs. 2 and 3, it is found that the removal of nitrogen proceeds regardless of the high nitrogen partial pressure in the gas phase. From the above experimental results under the two different gas phase conditions, even if the nitrogen partial pressure in the gas phase is higher than that in the metal, it can be expected that the nitrogen removal proceeds by locating the slag between the metal and the gas phases as long as the gas phase is not the strong reducing atmosphere. That is, for the progress of nitrogen desorption instead of absorbing the nitrogen, it is considered the oxygen partial pressure is high enough even in the Ar-N 2 atmosphere, of which the oxygen partial pressure is estimated about 1ϫ10 Ϫ5 atm. This result can explain the validity of the application of Eq. (2) to Eq. (1) under the present experimental condition.
In the mixed rate determining model used in the present study, it is assumed that the chemical reaction at the slag/metal interface is sufficiently high and the local equilibrium holds at the slag/metal interface. The oxygen partial pressure at the slag/metal interface can be calculated from Eq. (3) using the value for the nitride capacity, C N 3Ϫϭ 6.01ϫ10
Ϫ13
, estimated in our another work. The calculated results are described in Fig. 4 . The oxygen partial pressures calculated from the experimental results carried out previously in the argon atmosphere 1) are also described in Fig. 4 . The standard Gibbs energy for Eq. (6) is given by Eq. (7). The oxygen partial pressure is calculated using Eq. (8) from the aluminum content and a Al 2 O 3 ϭ0.33 11) and is shown by the solid line in Fig. 4 . Although it is surely considered that the aluminum content of iron changes with time and the evaluation of the oxygen partial pressure is difficult in the present study, the oxygen partial pressure at the slag/metal interface calculated from the present experimental results is reasonably a little higher than the one calculated from Eq. (8) . To the contrary, it is possible to estimate the L N from C N 3Ϫ and the oxygen partial pressure calculated by Eq. (8). The estimated value for L N is 9.52. The broken lines in Figs. 2 and 3 are drawn by applying this value to Eq. (1). The results are in reasonable agreement with the experimental ones and it is considered that it is possible to represent the nitrogen removal behavior by the mixed rate determining equation described by Eq. (1).
Conclusions
The nitrogen removal rate from molten Fe-1mass%Al alloy to gas phase through CaO-Al 2 O 3 -CaF 2 melt has been examined in N 2 -Ar and N 2 -O 2 atmosphere and the mixed rate determining model through successive phases of metal, slag, and gas has been applied. The following results have been obtained.
(1) Even if the nitrogen partial pressure in the gas phase is higher than that in the metal, it can be expected that the nitrogen removal proceeds by locating the slag between the metal and the gas phases, as long as the gas phase is not the strong reducing atmosphere.
(2) The oxygen partial pressure at the slag/metal interface calculated from the experimental results is reasonably a little higher than the one estimated from Al-Al 2 O 3 equilibrium. 
